SUMMARY
INTRODUCTION
The epithelial Na + channel (ENaC) facilitates Na + entry across the apical membranes of absorptive epithelia that establish and maintain transepithelial Na + gradients. The channel is comprised of three homologous subunits (α-, β-and γ-ENaC); each consists of two transmembrane domains, short cytoplasmic N-and C-termini and a large extracellular loop (1) . The expression and assembly of all three subunits is required for fully functional ENaC channels, which are characterized by an ionic selectivity of Li + > Na + >>K + , a low single channel conductance (~ 5 pS) and high affinity blockade by the diuretic amiloride (2) . The channel is thought to associate as a tetramer composed of 2α:1β;1γ (3;4) although other models have been proposed (5) .
The control of whole body Na + homeostasis is achieved via regulation of the number (N) and open probability (P o ) of ENaC channels in the apical membranes of distal nephron principal cells. Recently, many of the important mechanisms that govern ENaC N through endocytic processes have been ellucidated (for review see (6) ). However, comparatively little is known regarding the regulation of ENaC insertion into the apical membrane. Previous work suggests SNARE proteins play an important role in the regulated insertion of ENaC (7;8) . The cognate, pairwise interactions of SNARE proteins are responsible for membrane vesicle docking and fusion in all intracellular trafficking steps (for review see (9) ). Central to the process of vesicle fusion at the nerve terminus are interactions between the coiled-coil domains ('SNARE motifs') of syntaxin, SNAP-25 and VAMP2, which together form an extremely stable core complex that is thought to promote the membrane fusion event. The SNARE motif of S1A is contained within the third helical (H3) domain, which we have shown to bind the ENaC subunit C-termini, resulting in a decrease in cell surface ENaC expression that inhibits Na + transport (8) .
S1A has also been shown to interact with other channel proteins to influence their insertion into the plasma membrane, including CFTR (10) and Kv 2.1 (11) .
In addition to its effects on ENaC trafficking, the binding of S1A to ion channels in the plasma membrane has been proposed to alter their kinetic properties. Naren et al. (12) demonstrated that S1A acutely decreased whole cell CFTR currents in epithelial cells.
The activation rate of Kv 2.1 was significantly prolonged in the presence of S1A (11), and various gating effects have been described for the family of voltage gated Ca 2+ channels (VGCC) (for review see ref 13) . The physiological significance of S1A binding on channel gating is unclear although it has been postulated that, at least in VGCC and Kv 2.1, modification of channel kinetics serves as a further means of controlling the duration and magnitude of vesicular exocytosis (11;13).
The aim of the present study was to determine whether S1A influences ENaC channel activity. In a previous study, injection of a GST-H3 fusion protein into ENaC expressing oocytes caused a large decrease in current after 1 hr that was due to a concomitant decrease in ENaC N (8) . In addition to influencing channel insertion, it is also possible that S1A binds to ENaC channels resident in the surface membrane to alter their P o . To investigate this possibility, we examined the acute effects of injecting the H3 domain of S1A into ENaC expressing Xenopus oocytes during whole cell and single channel patch clamp recordings. We demonstrate that S1A causes a rapid, dose-dependent decrease in whole cell current via a decrease in ENaC open probablity.
EXPERIMENTAL PROCEDURES

Channel expression in Xenopus Oocytes
Plasmids containing mouse ENaC cDNAs (generously provided by the laboratory of Dr.
Thomas Kleyman, University of Pittsburgh) were linearized, and cRNAs were synthesized in vitro using the mMESSAGE mMACHINE TM T3 cRNA synthesis kit (Ambion Inc. Austin, TX). Oocyte isolation and RNA injection were performed as described previously (14) . Briefly, 0.25 to 1 ng of cRNA encoding each ENaC subunit was injected into stage V or VI oocytes. Expression proceeded at 18°C in a low sodium modified Barth's solution (5mM NaCl, 83mM N-methyl-D-glucamine, 1 mM KCl, 0.33 mM Ca(NO 3 ), 0.41 mM CaCl 2 , 10 mM HEPES, 1% penicillin/streptomycin; pH adjusted to 7.4 with HCl) for 1-3 days before ENaC currents were recorded.
Glutathione S-Transferase-S1A Fusion Proteins
Syntaxin 1A fusion proteins containing GST at the N-terminus were generated in BL21 competent cells; conditions for bacterial growth and fusion protein purification were described previously (8) . GST-H3 contains the S1A H3 domain (S1A 185-265 ) and GST-∆H3 (S1A ) truncates both the H3 and TM domains from full-length S1A. These fusion proteins were injected into oocytes during electrophysiological recordings using a nanoliter injector (World Precision Instruments, Sarasota, FL).
Whole cell electrophysiology
Whole cell Na + currents were measured by two electrode voltage clamp of ENaC expressing oocytes bathed in ND96 solution (96 mM NaCl, 1 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM HEPES; pH 7.4). In experiments investigating the effect of protein injection, oocytes were clamped at -100 mV until the basal current stabilized. An injection tip was then inserted into the oocyte and current levels monitored for another 2 minutes before injection of 23 nl of a GST fusion protein (see above) or GST alone.
Amiloride-sensitive Na + currents (I Na ) were recorded as the difference in current before and after addition of 10 µM amiloride. Amiloride or S1A have no effect whole cell currents in oocytes not expressing ENaC (8); therefore, the current inhibition produced by S1A is directed at amiloride-sensitive currents arising from ENaC expression. 
Single channel recording
where T represents the total recording time and n the number of transitions as described previously for ENaC (15) and CFTR (16) . It is important to consider that this calculation represents the numerical average of all open or closed times and is not a measure of the residency time in that particular state. Results are presented as mean ± S.E.M and statistical significances ( p≤ 0.05) were determined using ANOVA.
RESULTS
Syntaxin 1A rapidly inhibits whole cell Na
+ current.
We previously demonstrated that injection of a GST-H3 syntaxin 1A fusion protein into ENaC expressing oocytes produced an 80% decrease in Na + current 1 hr after its injection. This current inhibition was associated with a concomitant decrease in ENaC cell surface expression, consistent with a S1A-induced block of ENaC trafficking to the plasma membrane (8) . These data showed also that the inhibition of I Na by GST-H3 is quantitatively indistinguishable from that observed when full length S1A is co-expressed with ENaC. Therefore, to determine whether syntaxin had an acute functional effect on ENaC channels residing in the plasma membrane, we injected ENaC expressing oocytes with GST-H3 during whole cell Na + current recordings performed using the two electrode voltage clamp technique. Injection of GST-H3 (final estimated concentration = 25 ng/µl) caused a rapid inhibition of Na + current that reached a relative plateau after 5 minutes ( Figure 1A ). In eight experiments, GST-H3 elicited a mean decrease in current of 1.4 ± 0.3 µA (33 ± 8% inhibition) 5 minutes after its injection. Subsequent amiloride (10 µM) perfusion inhibited the remainder of the current, confirming that the whole cell current was ENaC dependent and that S1A did not completely block channel activity over this time period.
To control for the physical effect of protein injection during recording, the effect of introducing GST was examined. In contrast to results with GST-H3, injection of GST alone had no significant effect on Na + current ( Figure 1B ). To determine if the H3 domain (SNARE motif) was responsible for this rapid current inhibition, we examined the effects of the syntaxin H3 deletion fusion protein, GST-∆H3. Similar to GST injection, GST-∆H3 did not significantly affect I Na ( Figure 1B ), suggesting that the H3 domain of S1A is responsible for this acute inhibitory effect ( Figure 1B ). The rapid inhibition of ENaC by GST-H3 exhibited a dose-dependent relationship with a K i of 7 ng/µl, corresponding to a half-maximal inhibitory concentration of ~200 nM ( Figure 1C ).
These results suggest that the H3 domain of syntaxin 1A acutely and selectively regulates ENaC channel activity. The rapidity of inhibition (<5 min) is consistent with an alteration in the gating of plasma membrane ENaC channels; however, a larger component of Na + current remains sensitive to amiloride following this acute effect, suggesting that another action of S1A is responsible for the remainder of the 80% inhibition in Na + current observed 1 hr post injection.
Na + current inhibition is comprised of two components.
Results obtained from the short term recordings described above suggest that two processes may be responsible for the overall current inhibition observed in prior studies 1 hr post GST-H3 injection. To test this hypothesis, we measured amiloride sensitive Na + currents in oocytes at 10 min intervals for 1 hr following injection of GST-H3. Figure 2 shows that ENaC current inhibition over this period is best fit by a double exponential relation; an initial rapid decrease over the first 10 minutes accounts for 29 ± 8% inhibition of the initial I Na and a slower, long-term decline reduces current to 33 ± 8% of the initial value after 1 hr. These results suggest that S1A inhibits ENaC current via two different mechanisms, which are likely comprised of an acute decrease in the P o of plasma membrane ENaC, followed by a slower reduction in cell surface channel number as was demonstrated previously (8) .
Syntaxin injection alters ENaC channel activity
Rapid changes in whole cell current are likely to reflect alterations in channel P o . To determine whether the initial inhibition of ENaC current by S1A was due to effects on ENaC gating, we recorded single channel currents from cell attached patches on ENaC expressing oocytes before and after injection of S1A fusion proteins. Figure 3A shows a representative recording of channel activity before injection of GST-H3, obtained at -Vp = -80 mV to generate inward Na + currents (downward current deflections). The amplitude histogram generated from this trace ( Figure 3C ) was used to calculate a P o of 0.46 as described in Experiment Procedures. This value is in agreement with the mean P o for ENaC reported in other studies of approximately 0.5 (2). Channel activity was continuously recorded at the same holding potential after injecting GST-H3. Figure 3B illustrates a 2 min trace from the same patch recorded 3 mins post GST-H3 injection.
Channel activity was significantly reduced compared to the pre-injection period, with a calculated P o of 0.34. Compiling the data from six such recordings yielded a GST-H3 induced decrease in ENaC P o from an average of 0.51 ± .02 to 0.36 ± 0.04 ( Figure 3E ).
This represents an average decrease of 30 ± 7 %. This value is within the range observed for the rapid change in whole cell current, demonstrating that the acute reduction in ENaC I Na by S1A is due to a decrease in ENaC channel activity.
To determine whether these changes in ENaC gating were mediated by interactions between the H3 domain of S1A and ENaC, we tested the effect of injecting ∆H3-GST 
Syntaxin decreases ENaC open probability via increasing closed time.
A after GST-H3 injection ( Figure 5 ). This indicates that S1A does not reduce ENaC P o by decreasing channel open time. In contrast, the analysis revealed that the mean closed time increased significantly from 5.6 ± 0.6 to 11.1 ± 1.6 sec following GST-H3 injection ( Figure 5 ). Therefore, S1A decreases ENaC P o by significantly prolonging the mean closed time of the channel while having no effect on mean open time.
Pore mutation prevents inhibition of channel gating
To further characterize the effect of S1A on ENaC channel activity, we expressed an
ENaC construct with a mutation in an extracellular loop near the second transmembrane domain of the β subunit. In the so-called DEG position in ENaC-related C. elegans channels, mutating the native alanine to a residue that contains a bulky or charged side chain causes neuronal swelling and degeneration due to enhanced channel activity (17).
Snyder et al. (18) have since reported that mutating DEG residues in ENaC channel subunits produces channels with inherent P o fixed near unity. We examined the effect of S1A on the gating properties of mouse ENaC channels expressing a β subunit with serine in the DEG position mutated to a lysine (β-S518K).
Consistent with data from a similar mutation made in human ENaC (18) , oocytes expressing mENaC channels containing β-S518K had approximately twice the amiloride sensitive whole cell current of those expressing wild type ENaC ( Figure 6C ). Subsequent patch clamp analysis confirmed that this gain of function was due to an increase in P o from an average of 0.5 in wild type ENaC to approximately 0.97 in β-S518K ( Figure   7A ). To determine the effect of S1A on this gating mutant, we injected GST-H3 into oocytes expressing β-S518K ENaC channels. Figure 6A illustrates a representative trace of whole cell current from this experiment. GST-H3 did not elicit the rapid decrease in I Na of β-S518K ENaC over the initial 5 minute recording period observed in oocytes expressing wt ENaC. In paired wild type controls, current decreased by an average of 24 ± 2% in response to H3 domain injection, while β-S518K ENaC currents exhibited no significant change ( Figure 6B ). Interestingly, similar to wild type ENaC, the amiloridesensitive β-S518K ENaC currents measured 1 hr after GST-H3 injection were significantly reduced ( Figure 6C ). This likely results from the decrease in channel surface expression observed 1 hr after GST-H3 injection with wild type ENaC (8), suggesting that S1A still binds to β-S518K ENaC to perturb its trafficking but is unable to modify channel activity.
To confirm that GST-H3 had no effect on β-S518K ENaC gating, we measured single channel activity in occytes expressing β-S518K ENaC before and after injection of GST-H3. Figure 7A illustrates that β-S518K ENaC channels remain locked open with brief and infrequent closing events following GST-H3 injection. The P o was estimated at 0.97 from the amplitude histogram ( Figure 7C ). From the record in Figure 7B and the corresponding amplitude histogram ( Figure 7D ), it is apparent that GST-H3 had no significant effect on β-S518K ENaC gating. Channels recorded from the same patch 3 mins post GST-H3 injection remained largely in the open state. These results demonstrate that S1A has no rapid effect on β-S518K ENaC currents as it is unable to modify channel kinetics.
DISCUSSION
Recently, we demonstrated that the H3 domain of S1A interacts physically with the ENaC subunit C-termini to decrease whole cell Na + current by reducing plama membrane ENaC channel density (8) . In the present study, we describe an additional regulatory role of S1A on ENaC channel gating. Injection of the GST-H3 S1A fusion protein into ENaC expressing oocytes during whole cell Na + current recordings resulted in a rapid inhibitory effect on ENaC currents. This effect was examined further using the cell-attached patch clamp technique, which revealed that the rapid inhibition of I Na by S1A was due to a significant reduction in ENaC P o , which appears to be produced by a S1A-induced stabilization of the closed channel conformation. These effects were not observed in a gating mutant, β-S518K ENaC, which is characterized by constitutively open channel activity. These results suggest that S1A regulates both ENaC trafficking to the plasma membrane and the activity of channels at the cell surface.
SNARE proteins play an important role in the trafficking of vesicles to target membranes.
Interactions between the 'SNARE motifs' of cognate SNARE proteins on the target and carrier vesicle membranes interact to facilitate vesicle docking, subsequent membrane fusion and cargo delivery (9 (26) reported that the H3 domain of S1A binds to the N-terminus of CFTR to inhibit cAMP-stimulated Cl -currents. In addition to their role in trafficking, these studies argue for an additional role of SNARE proteins in regulating channel activity.
The results of the present study extend our previous observations indicating that S1A
regulates plasma membrane ENaC density to include an additional effect on channel gating. These actions can be separated temporally into a rapid inhibition of channel activity that occurs within minutes, while changes in N take place over a longer time course. The prolonged and progressive rate of decline of current, illustrated by the second exponential component of Fig. 2 , is consistent with the expected rate of ENaC endocytosis from the plasma membrane. This time-course agrees with published endocytic rates for ENaC in oocytes treated with brefeldin A to block progression of the channel to the cell surface (27) . This finding implies that the S1A-induced decrease in N is due to a block of ENaC channel insertion.
How this trafficking effect of expressed S1A relates to the physiological role of this t-SNARE in apical membrane ENaC insertion, and to the physical interaction between ENaC and S1A, remains unclear. Over-expression of a syntaxin isoform (or expression of its essential protein interaction motif, the H3 domain) commonly inhibits the vesicle trafficking step in which that isoform serves as the t-SNARE for vesicle fusion (28) . This phenomenon is due to selective disruption of the stoichiometric protein interactions required for formation of a specific SNARE fusion complex. Yet, our previous findings argue for an action that is more specific, since elimination of the S1A binding sites on the ENaC subunits abolished the effect of syntaxin on ENaC trafficking (8) . This finding suggests that the S1A inhibition is related to the physical presence of ENaC in the trafficking vesicles. Disruption of SNARE protein interactions by over-expressed S1A
should lack specificity for vesicle cargo, in this case, ENaC. Rather, the domain-specific interactions of ENaC cytoplasmic tails with S1A may reflect an involvement of the channel in its own trafficking, through interactions of ENaC with SNARE proteins.
Further understanding of this phenomenon will require definition of whether S1A is the t-SNARE that normally mediates apical ENaC insertion, or whether it is a modulator of insertion mediated by another apical t-SNARE. Butterworth et al. (29) have found that syntaxins 1A and 3 are expressed at the apical membranes of cortical collecting duct cells, and it will be important to determine whether ENaC insertion shows t-SNARE specificity at this site.
The rapid inhibition of ENaC current (first exponential of Fig. 2 ) also is likely to be associated with a physical interaction of S1A and the channel subunit C-termini. This conclusion is supported by the lack of effect on whole cell ENaC current or single channel activity of a S1A variant in which the H3 domain was deleted. GST-H3 presumably does not have access to the closed state that is stabilized by its binding, and therefore, it would not be expected to alter ENaC kinetics, as demonstated.
Nevertheless, β-S518K ENaC currents were inhibited one hr after injection of S1A's H3 domain, indicating that syntaxin has access to its binding sites at the C-termini of the mutant channel and that the β-S518K mutation does not alter the action of S1A on ENaC trafficking. Thus, the trafficking and gating effects of S1A can be separated. Work by Ganeshan et al. (30) demonstrated that it was possible to identify separate sites on S1A
that affected the ability of syntaxin to modulate CFTR activity as opposed to its ability to assemble into SNARE complexes. It will be interesting to determine also whether similar or separate sites on S1A and ENaC mediate the effects of syntaxin on ENaC gating and trafficking. Both effects may require, or be influenced by, interactions of S1A with other SNARE proteins. For example, Michaelevski et al. (25) reported that Kv 2.1 channel activity is differentially regulated depending on whether S1A is expressed alone or in combination with its partner t-SNARE, SNAP-25, and similar data has been obtained for S1A and SNAP-23 interactions with CFTR (31) . At present, we do not know whether SNAP-23 modifies the action of S1A on ENaC trafficking or gating.
The action of S1A on ENaC gating may represent a means of controlling overall channel activity during rapid apical insertion of ENaC channels, a process that underlies the regulation of Na + transport by ENaC agonists (2) . A similar concept has been raised in regard to the regulation of neurotransmitter exocytosis at the nerve terminus, where S1A
participates in the fusion of vesicles but then may limit further Ca 2+ entry via inhibition of VGCC gating (13) . The rapid response of ENaC expressing epithelia to Na + transport agonist is often biphasic, a transient increase followed by recovery to a sustained plateau.
These kinetics may reflect feedback inhibition of Na + entry when channel insertion is rapidly stimulated. Increased cellular Na + concentrations generally elicit a decrease in ENaC-mediated apical membrane conductance in epithelial cells, and this cellular protective mechanism balances apical Na + entry with basolateral Na + extrusion (2) . The possibility that S1A may be involved in feedback regulation related to ENaC trafficking was suggested by our previous data, which showed that the binding of S1A to the ENaC C-terminal tails was sensitive to elevated Na + or Ca 2+ concentrations in the binding buffer (8) .
Our data support the concept that S1A interactions with ENaC serve to regulate both channel activity and channel trafficking. Syntaxin 1A is potentially a component of the apical SNARE machinery that mediates ENaC insertion; alternately, it modulates this process mediated by other SNARE components. Independent of its possible roles in ENaC trafficking, S1A is also a negative regulator of ENaC gating, which may control channel activity in relation to the status of SNARE interactions and the availability of free syntaxin 1A.
FIGURE LEGENDS Figure 1 . The H3 domain of Syntaxin 1A rapidly inhibits whole cell Na + current.
ENaC expressing oocytes were voltage clamped at -100 mV to generate inward Na + current using the two electrode voltage clamp technique. Basal Na + currents were recorded for 1-2 minutes before an injection tip was introduced into the oocyte. One minute later, either GST, GST-H3 or GST-∆H3 was injected into the oocyte and current monitored for an additional 5 minutes before perfusing amiloride (10 µM). A, representative recording demonstrating the inhibitory effect of GST-H3 on amiloride sensitive Na + current. GST-H3 causes a rapid inhibition of Na + current that plateaus approximately 3 minutes after injection. B, mean changes in whole cell Na + current measured 5 minutes after injection of GST, GST-H3 or GST-∆H3 (n = 8). GST-H3
caused a significant decrease in Na + current after 5 minutes whereas GST and GST-∆H3
were without effect. C, the dose dependence of the GST-H3 inhibition was determined by plotting the percent inhibition after 5 minutes against the concentrations of injected GST-H3. The K i for this effect, calculated using the Hill equation, was 7 ng/µl or 200 nM.
Figure 2. ENaC current inhibition is composed of two components.
Two days after cRNA injection, oocytes were divided into two groups. One group served as a control (not injected with GST-H3), while the others were injected with GST-H3; amiloride-sensitive currents were then measured every 10 minutes following injection.
This protocol was employed to avoid Na + loading of the oocytes, which would reduce I Na in continuous recordings lasting 70-80 min. Current is normalized to the mean pre-injection current of each batch of oocytes. Each point represents the mean ± S.E. of 9 oocytes. Current decay was best fit by a double exponential function (r-squared = 0.994). . GST-H3 has no effect on β-S518K whole cell Na + current.
β-S518K ENaC expressing oocytes were voltage clamped at -100 mV as in Figure 1 .
Basal Na + currents were recorded for 1-2 minutes before an injection tip was introduced into the oocyte. After one minute, GST-H3 (estimated final concentration = 0.25 ng/µl) was injected into the oocyte and the current monitored for 5 minutes before perfusing amiloride (100 µM). A, representative recording demonstrating the lack of inhibitory effect of GST-H3 on amiloride sensitive β-S518K ENaC Na + current. B, S1A sensitive currents: mean percent changes in whole cell Na + currents measured 5 minutes after injection of GST-H3 into wt ENaC or β-S518K ENaC expressing oocytes. The percentage inhibition between wt and β-S518K ENaC is significantly different (n = 11, **p<0.01). C, Amiloride sensitive currents: I Na was measured in wt or β-S518K ENaC expressing oocytes 1 hr after injection of GST-H3. GST-H3 produces long term changes in I Na in β-S518K ENaC that are similar to its effect on wt (n = 12, *p<0.05). 
